Green building certification systems around the world commonly address the parameters and indicators that are considered relevant to occupant health, well-being, and productivity in the indoor environmental quality (IEQ) section. Ventilation, filtration, materials, indoor air quality (IAQ) management, thermal comfort, lighting level, and noise level are universal components in the IEQ section, while others such as high-frequency ballast, view to outside, daylight, and personal controls are included selectively. [1] [2] [3] [4] It is, therefore, expected that green buildings provide measurably enhanced IEQ, where the occupants are more satisfied and have less risks of health as compared with buildings that are not certified. 
| INTRODUC TI ON
Green building certification systems around the world commonly address the parameters and indicators that are considered relevant to occupant health, well-being, and productivity in the indoor environmental quality (IEQ) section. Ventilation, filtration, materials, indoor air quality (IAQ) management, thermal comfort, lighting level, and noise level are universal components in the IEQ section, while others such as high-frequency ballast, view to outside, daylight, and personal controls are included selectively. [1] [2] [3] [4] It is, therefore, expected that green buildings provide measurably enhanced IEQ, where the occupants are more satisfied and have less risks of health as compared with buildings that are not certified.
| IEQ performance in green buildings
The literature suggests inconsistent evidence on the impact of green building certification on objectively measured IEQ, subjectively rated occupant satisfaction, and occupant-rated acute health symptoms. 5 On one hand, there are studies that document benefits of green buildings. In North America, Newsham et al 6 19 with respect to measured and subjectively rated thermal environment when four green and four conventional buildings were compared in Australia. In China, Gou et al 20 reported no significant differences in satisfaction with IEQ between two green buildings and a conventional building. In a subsequent study, Gou et al 21 presented additionally that while green building users were more significantly satisfied with health, they were also significantly more uncomfortable with temperatures and IAQ in winter, and with the acoustical environment throughout the year. In Singapore, Tham et al 22 performed both objective and subjective IEQ measurements in a green and a conventional building and reported that the expected benefits toward occupants were not observed, although the green building occupants perceived air quality to be fresher and ergonomics to be more satisfactory. They attributed this to higher exfiltration of the non-certified building which resulted in higher air change rate and the plausible effects of settling in of the occupants in the green building. They suggested a more comprehensive study design involving a larger number of buildings.
| Limitations of previous studies
Majority of the research employed post occupancy evaluation surveys to compare occupants' satisfaction with IEQ between green and conventional buildings. 5 However, only a handful of studies including Newsham et al, 6 MacNaughton et al, 7 Liang et al, 8 Menadue et al, 19 and Tham et al 22 performed measurements of
Practical implication
• Our study demonstrated that green buildings achieved better IEQ that was more satisfactory and healthier for the occupants compared to non-green buildings in the context of Singapore.
• Adoption of high-efficiency filters, green procurement policy, and demand control ventilation system appeared key strategies that enabled these findings.
• This study also suggested the need for further development of credits for IEQ in the green building standard to move the satisfaction of occupants with IEQ to an even higher level.
• Aligned with present results, future efforts should be directed to identify associations of various green building features with occupant benefits and refine IEQ evaluation framework for greater comfort, satisfaction, and health of the occupants.
IEQ to complement subjective assessments. In addition, previous research had relatively small sample size of field measurement data, 11, 14, 20, [22] [23] [24] performed no or rather weak statistical analysis without controlling for potential confounders, [11] [12] [13] 25 and these were conducted mainly in temperate climate except for Ravindu et al 24 and Tham et al. 22 Thatcher and Milner 16 highlighted that the method used to compare IEQ performance was diverse and had problems associated with matching of building characteristics.
Only in the studies of Newsham et al 6 and MacNaughton et al 7 were green-certified buildings matched with non-certified buildings. Diversity in human nature, organizational difference, and lack of good comparison groups created confounder effects, while the effect of building age, occupant age group, and gender differences remained unexplored. 
| Green Mark scheme

| Research objectives
The selected studies represent a good spectrum of schemes currently in use. These studies did not specifically attribute the findings, which comprised mainly of occupant satisfaction, to system or operational features. The building classification (certified vs noncertified) was on a building-wide basis, and it was not reported if the premises studied were congruent with the building-level certification. While the number of green buildings has been growing substantially, very few efforts have been undertaken on a comprehensive research design to gain a deeper understanding of the effect of green building certification on IEQ and occupants. Such data are especially lacking in tropical climates. 
| ME THODS
Cross-sectional measurements were carried out intermittently from September 2014 to December 2016 to obtain parameters describing IEQ and concurrently subjectively rated satisfaction and acute health symptoms. The measurements were carried out in selected office buildings in Singapore, of which approximately half were certified with GM scheme. The intermittent field measurements during the period do not affect the study outcomes due to the fairly unchanging outdoor climate throughout the year in Singapore.
| Selection of buildings
Office buildings with gross floor area of more than 2000 m 2 were
selected. Within each building, the areas selected were office premises with at least 30 employees that were served by either centralized air-handling unit or fan coil unit with outdoor air provision.
To establish the population of the GM-rated offices and buildings, the database published by BCA such as the BCA annual awards 26 and the greenmark.sg website was used to identify GMOI-rated offices in GM-rated buildings. This was to ensure the selected premises were indeed both GM (base building)-certified and GMOI (interior)-certified. Due to the unavailability of data for NGM office buildings, commercial office leasing websites in Singapore were utilized to search for these buildings. The selected buildings were cross-checked against GM database to ensure that none were GMcertified. At the time of study, the sample ratio of GM vs NGM office buildings was similar to the estimated ratio of the population of GM vs NGM office buildings in Singapore based on total floor area (55% GM and 45% NGM office buildings). The selected NGM buildings and premises were subjected to the GMOI assessment of IEQ to determine whether the hypothetical credits received would be lower than the respective credits that were awarded to the selected GM buildings. This was done to ensure that the GM and NGM premises were truly different with respect to credits that could be received for IEQ performance, thus to remove the potential source of bias.
Broadly IEQ criteria in GMOI v.1.1 can be summarized into seven categories; the average scores in each category for the selected GM and NGM offices are indicated in Table 2 . GM offices scored on average 35.7 points which are more than double the estimated score in NGM buildings (15.5 points), still scoring lower than the maximum score available (43 points). The largest score difference was observed on the use of sustainable products and policy, and IAQ management, while both GM and NGM building had similar scores on the assessments of thermal comfort and noise level.
| Measurements of IEQ
In each building, one representative office floor was selected.
During the walk-through with the relevant parties such as the building owner, tenant representative, and facility manager, each selected office was divided into 4-5 zones depending on the layout of air distribution and seating arrangements. In each zone, one sampling location was selected where the measurements were performed; the location was at the height of breathing zone of the seated employees. One additional sampling point for outdoor air measurement either in the airstream of the outdoor air intake to the air-handling unit or at a representative outdoor air intake location was also included to represent outdoor air quality at the time of indoor spot measurements. Interviews were conducted to obtain building operational schedules and sustainable features.
Continuous measurements were performed to obtain profiles of air temperature (°C), relative humidity (RH in %), and carbon dioxide (CO 2 in ppm) concentration at each zone at five-minute interval for a week. Spot measurements were also conducted to understand concentrations of selected IEQ parameters at each zone for 15 minutes, once in the morning and the other in the afternoon over two days of the measurement week.
Physical, chemical, and biological parameters included in
Singapore's local standard SS554:2016 were measured. 27 In addition, the air change rates (ACR in h −1 ) and illuminance (lux) were also measured to characterize IEQ of the selected office premises more completely. The same set of instruments (Table 3 ) used for field measurements was calibrated according to the manufacturers' recommendations and was within their respective calibration validity period when deployed.
VAISALA GM20D sensors connected to HOBO U12 loggers were used for continuous monitoring of indoor CO 2 concentration, while air temperature and RH were measured continuously using HOBO U12 loggers powered by batteries at each indoor sampling location.
For air speed (m/s), spot measurements using Lutron AM-4214SD hot wire anemometer were carried out at one-minute interval. The measured air temperature, relative humidity, and air speed data were then transferred into EXCEL spreadsheet to synchronize the time at which physical parameters were completed.
Spot measurements of formaldehyde (HCHO) and carbon monoxide (CO) concentration in ppm were taken with PPM IAQ Profile
Monitor. An Air IDEAL sampler was deployed to determine the num- Tryptone soy agar petri dishes were incubated at 35°C for 24 hours, while malt extract agar petri dishes were placed at room temperature (approximately 25°C) for 5-7 days before counting the bacteria and mold colonies with naked eyes.
Air change rates was determined using the concentration decay method with a tracer gas (sulfur hexafluoride, SF6); INNOVA 1312 multi-gas monitoring instrument was used to sample the tracer gas.
From the INNOVA system, small air sampling tubes (3 mm in diameter) were laid along the ceiling or floor to each sampling location to obtain the concentration decay over at least 2 hours. The tracer gas was allowed to mix for about 10 minutes. The concentration of the tracer gas decayed exponentially with time and the straight gradient line of the plot of the natural logarithm of tracer gas concentration vs time in hours provided the ACR at each sampling location. collect information on self-reported acute health symptoms. To obtain IEQ ratings, continuous visual analog scales were used similar to the ones used by Wargocki and Wyon. 32 For instance, the occupants were asked to rate their satisfaction levels with each indoor environmental parameter on a continuous scale from −100 to 100, with 100
| Subjective measurements
being the most satisfied and 0 being neutral.
Various consultations with experts took place via face-to-face meetings and e-mails to refine the questionnaires prior to the development of web-based survey form. Self-assessed work performance TA B L E 2 Average IEQ score comparison between selected GM and NGM offices based on GMOI v.1.1 criteria in relation to the indoor environmental factors and the nature of job was also collected.
At last, open-ended questionnaire was provided to obtain any personal comments on the office indoor environment that were not presented in the main questionnaire such as ergonomics and esthetics.
The survey progress bar was provided at the bottom of the page to inform the survey participants of the progress, while various modes of survey scales such as visual analog scale, multiple choice, and tick box were used to more effectively collect occupants' responses to each question.
The questionnaire was followed by a "game" section containing tasks that were used to measure cognitive abilities such as cue utilization, short-term memory, concentration, response time, and logical reasoning. No analysis of the performance of these tests is presented in this paper.
Three tablet computers incorporating online survey questionnaires were deployed to increase the rate of survey participation and completion and also to minimize the data transfer error.
Approximately 15 minutes were taken by an occupant to complete the questionnaires. The three tablets were deployed over the twoday spot measurement period so that the objective measurement and subjective data were collected concurrently.
The survey responses from each occupant were immediately stored in the designated online server in an EXCEL spreadsheet template to facilitate the data collection and statistical analysis. For effective mapping of zonal influence of IEQ on the occupants, the three tablets were administered with zone numbers tagged by spot measurement zones. The identity of the survey participants was not collected for anonymity with respect to personal data protection requirements. 
| Measurement procedure
The 1-week-long field measurement schedule began with the deployment and installation of instruments for a week-long continuous measurement on Friday in the late afternoon. At that time, the instruments for spot measurements were also set up, but the actual spot measurements took place on the following Tuesday and
Wednesday. During these 2 days, the employees working in the selected area were also requested to respond to the online questionnaire and tests measuring their satisfaction with IEQ, perception of IEQ, acute health symptoms, and ability to perform simple cognitive tasks. On the following Friday, ACR measurements using a tracer gas method were performed in the morning, while the instruments were dismantled and collected in the afternoon. 
| Statistical analysis
| RE SULTS
| IEQ measurements
Daily profiles of air temperature, RH, and CO 2 derived from measurements between 9 am and 6 pm, Monday through Thursday, are depicted in Figure 1 ; the selected period is a typical working day in offices in Singapore. 27 This is attributable to GM buildings using CO 2 -based demand-controlled ventilation system which modulates the amount of outdoor air intake according to indoor CO 2 concentration. With energy conservation being advocated through GM criteria, GM buildings showed tendency to maintain air temperature, RH, and CO 2 levels higher than its counterparts while yet compliant with the local standards. buildings, respectively. 34 Although crude, this theoretical analysis suggests the majority of the occupants in both GM and NGM buildings should be thermally comfortable. As for CO, the concentration for both building types showed similar mean levels hovering around 1.9 ppm which was well below the code limit of 9 ppm. This is reasonable as office premises had no combustion activities, and CO concentration was mainly contributed by combustion by-products of outdoor vehicles. The mean concentration of formaldehyde in GM and NGM buildings was 0.035 and 0.024 ppm, respectively, which were well below the SS554:2016 
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analysis for GM and NGM buildings. The outcomes reveal that occupants in GM buildings were more satisfied with all indoor environment parameters evaluated in this study compared to those in NGM buildings. The largest mean difference was for satisfaction with overall indoor environment (31 points), followed by windows view from desk (30 points) and air quality (26 points). Although the occupants in GM buildings were found to be in overall more satisfied, some of the parameters such as visual privacy and sound privacy showed mean values in the negative (−1 and −9, respectively).
In addition, the highest mean satisfaction score was 26 point only (amount of personal space for GM buildings) out of 100 scale range, implying room for further improving occupant satisfaction with indoor environment. It is also interesting to observe that even in GM buildings, there were responses registered at the end of the scale, that is, of −100 and 100 in almost all satisfaction outcomes, and vice versa.
The differences in occupant satisfaction levels with each indoor environmental parameter were tested for statistical analysis using generalized linear mixed model. It was also attempted to differ the number of confounders to be adjusted (all 83 variables, top 10 and top 5 most significant variables) in order to examine the sensitivity of statistical significance values (P-value) on each outcome. Top 10 and top 5 most significant variables were selected based on the significance level (priority on smaller P-value) in multivariable and univariable analysis on each outcome. Independent predictors (significant variables in both multi-and univariable analysis) were firstly selected, followed by those significant variables which appeared in multivariable analysis only. When the number of variables was less than that required for top 10 or top 5, significant variables in univariable analysis were also added. The list of 83 variables and the identified top 10 and top 5 variables for satisfaction outcomes is provided in Appendix A.
As there were in total 83 fixed variables in the multivariable analysis model, the statistical difference tended to appear insignificant due to large variances. To increase the statistical power, while accounting for confounder effects, the propensity score matching method was introduced. The propensity score is the probability of treatment assignment (eg, being GM type) conditional on observed baseline characteristics. It allows designing and analyzing an observational (non-randomized) study so that it mimics some of the particular characteristics of a randomized controlled trial. Hence, the propensity score can help to reduce or eliminate the effects of confounding when using observational data to estimate treatment effects. 37 A binary logistic regression, which is the most commonly used method, was adopted to estimate propensity score, in which building type (GM and NGM) was regressed on the 83, top 10, and top 5 variables. while air movement and visual comfort were significant at P < 0.1 once propensity score matching was applied. None was significant in multivariate analysis (when all 83 confounders were considered), the reason being the large variances contributing to bigger error terms.
| Self-reported acute health symptoms
As the occupants' responses for acute health symptom questionnaire were dichotomous (ie, they presented prevalence either yes or no, not intensity), binary logistic regression under generalized linear mixed model was performed to obtain odds ratio with reference to NGM buildings; only the symptoms that disappeared upon leaving the building were included. The distribution of odds ratios for each occupantrated health symptom outcome is reported in Figure 5 . All of the studied symptoms showed odds ratio <1, suggesting that odds of acute self- 
| D ISCUSS I ON
| Comparison of IEQ in GM and NGM buildings
The results of objectively measured IEQ parameters suggest that regardless of certification status, office buildings in Singapore provided acceptable IEQ with respect to the local code requirements.
GM buildings, however, appeared to deliver better IEQ than NGM buildings: less fluctuations in temperature and RH, lower concentrations of PM2.5, and lower counts of bacteria and fungi. Air speed, CO concentration, and illuminance were similar in both GM and NGM buildings, while formaldehyde and CO 2 concentrations were slightly lower and ACR higher in NGM buildings. The higher ACR in NGM buildings was partially due to their less tight envelope and also because demand-controlled ventilation systems were used in GM buildings which controlled outdoor air supply rates to keep CO 2 within the code acceptable threshold.
It is commonly expected to observe higher levels of indoor pollutants when ACR is reduced. However, this was not observed in GM buildings when compared with NGM buildings. Implementation of green procurement policy in GM buildings, which led to installation of low-emitting sustainable materials, could have contributed to GM buildings maintaining low indoor formaldehyde concentration even though the ACR was slightly lower than in NGM buildings. Detailed analysis on materials' impact on IAQ coupled with varied ventilation rate was not performed due to limitation of the information on material emission data used in the buildings and such analysis would be pertinent in future studies of the type presented in this paper, but this result is in agreement with expectations and confirming effectiveness of source control. 38, 39 As encouraged by GM schemes, high-performance air filters were employed by GM buildings in this study. This appeared to consequently enable GM buildings to reduce the levels of indoor PM2.5, bacteria, and fungi. This is consistent with other studies 40, 41 which demonstrated the effectiveness of high-performance filters.
The above objectively measured IEQ performance of GM buildings provides stronger evidence to interpret the earlier study results reported by Tham et al. 22 Considering larger sample size, more comprehensive measurement methodology, and better analytical technique employed in this study, the above would override the earlier findings on GM vs NGM buildings in Singapore that did not show significant difference between the two types of buildings based on the sample of two buildings. In addition, this study is more sensitive to detect differences as it compared so-called genuine green and non-green premises by selecting green offices in green buildings and non-green offices in non-green buildings.
| Satisfaction with IEQ
As illustrated in Figure 3 , the mean ratings of satisfaction with respective IEQ parameters were higher in GM buildings and the F I G U R E 4 Distribution of propensity score Green Mark and Non-Green Mark building occupants on the outcome of satisfaction with air quality difference was statistically significant for satisfaction with temperature, humidity, lighting level, air quality, and indoor environment (Table 5) .
Both GM and NGM buildings achieved GM credits on thermal comfort and control for their compliance to the local code requirements as indicated in Table 2 . Still, satisfaction levels with temperature along with humidity were higher for GM buildings. Abbaszadeh et al, 12 respectively, reported that compared to non-LEED buildings, occupants in LEED buildings were slightly less satisfied with the amount of light and no improvement in satisfaction with lighting quality was observed in LEED buildings. However, this study found that the occupants in GM buildings rated satisfaction with lighting level higher than the respondents in NGM buildings.
This can be manifestation of various lighting measures implemented in GM buildings: GM buildings installed high-frequency ballasts and designed for better light zoning and control in addition to using energy-efficient lightings, which led to GM buildings scoring 8 credits compared to 4 credits for NGM buildings (Table 2) This study also established that occupants in GM buildings are more satisfied with the indoor environment. This is similar to that reported by Liang et al 8 in Taiwan that occupants in green buildings expressed statistically higher satisfaction with overall IEQ. On TA B L E 5 Sensitivity analysis of significance (P-value) on each satisfaction outcome reported differently that green buildings had equal or even less satisfaction with the building overall and with the workspace than conventional counterparts.
However, of all IEQ satisfaction parameters assessed, the difference in mean score between GM and NGM buildings was the largest for satisfaction with indoor environment (31 points). This suggests that the implementation of various IEQ measures outlined in GMOI scheme as indicated in Table 2 has contributed significantly to the wider satisfaction gap between the two building types. This in turn produced better IEQ performance in GM buildings as evidenced in objective measurements and manifested in greater satisfaction with indoor environment which were proven statistically significant.
| Self-reported acute health symptoms
The results of this study revealed that the risk (odds ratio) of acute health symptom occurrence was generally lower in GM buildings, and the difference was statistically significant for headaches, unusual fatigue, and irritated skin. 
| Statistical analysis
This study employed a rigorous statistical analysis using generalized linear mixed model with confounder adjustments to examine the differences in occupants' ratings on IEQ-related parameters between green and conventional buildings. The rigor of generalized linear mixed model compared with simple statistical tests accounts for F I G U R E 5 Distribution of adjusted odds ratios for each self-reported acute health symptom outcome (adjusted for 72 variables using propensity score matching)
clustering effect, which adopts an underlining understanding that occupants from the same zone should be correlated as they are exposed to the same environmental zone, and the zones within the same building should also be correlated. This effect was taken into account by establishing random effects at the building and zone levels for different sources of variability and to model the differences between clusters. This makes the variables appear less significant (increasing P-value as variance and standard error becomes larger)
but reduces the risk of committing Type I error (a false positive) and allows the findings to be generalized.
It is always challenging to deliver research findings that fully reflect and account for the confounder effects on outcomes, es- 
| Limitations and future studies
The limitations of this study could be the weak matching of the buildings and occupants that were as comparable as possible so as to attribute better IEQ performance of GM buildings to the implementations of IEQ measures outlined in GM criteria. In particular, characteristics of occupants including socioeconomic, educational, customary, and organizational status as well as work nature that could influence their responses to satisfaction and acute health symptom outcomes were not addressed. This could be considered inherent limitations of cross-sectional study.
Although efforts were dedicated to account for various confounder effects, this study could not possibly address to the fullest the entire context of GM and NGM buildings. The data collection was limited by the availability of data, especially for NGM buildings, and the assessment framework of GM criteria. This study did not either provide long-term monitoring of objective and subjective IEQ performance, and no granular approach was made to differentiate the effect of GM certification grades (Certified, Gold, GoldPlus, and Platinum) on the outcomes.
The findings are based on the GM certification scheme and should be interpreted within the framework of the GM scheme.
| CON CLUS IONS
This study attempted to facilitate understanding of current IEQ performance of GM buildings based on objective field monitoring and subjective assessments of satisfaction and ratings of acute health symptoms with reference to NGM buildings.
The objective measurement findings revealed that both building types achieved IEQ that complied with the Singapore's local standards. However, lower concentration of PM2.5, bacteria, and fungi was observed in GM buildings, and air temperature and RH were maintained more consistently compared to its NGM counterparts.
This study also found that air speed, CO concentration, and lighting level were comparable. In addition, GM buildings kept CO 2 concentration higher than NGM buildings but within code threshold as evidenced in lower ACR to conserve energy while maintaining acceptable IAQ.
The results of subjective measurements indicated that occupants in GM buildings were more satisfied with their indoor environment and exhibited less self-reported acute health symptoms than those in 
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